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In Brief
Membrane translocation of cytoplasmic IFN-gR2 is a critical step for the activation of macrophage innate response against intracellular bacterial infection.
SUMMARY
As a critical step during innate response, the cytoplasmic b subunit (IFN-gR2) of interferon-g receptor (IFN-gR) is induced and translocates to plasma membrane to join a subunit to form functional IFN-gR to mediate IFN-g signaling. However, the mechanism driving membrane translocation and its significance remain largely unknown. We found, unexpectedly, that mice deficient in E-selectin, an endothelial cellspecific adhesion molecule, displayed impaired innate activation of macrophages upon Listeria monocytogenes infection yet had increased circulating IFN-g. Inflammatory macrophages from E-selectin-deficient mice had less surface IFN-gR2 and impaired IFN-g signaling. BTK elicited by extrinsic E-selectin engagement phosphorylates cytoplasmic IFN-gR2, facilitating EFhd2 binding and promoting IFN-gR2 trafficking from Golgi to cell membrane. Our findings demonstrate that membrane translocation of cytoplasmic IFN-gR2 is required to activate macrophage innate response against intracellular bacterial infection, identifying the assembly of functional cytokine receptors on cell membrane as an important layer in innate activation and cytokine signaling.
INTRODUCTION
Interferon-gamma (IFN-g) plays crucial roles in immunity and inflammation. Upon engagement of the IFN-g receptor (IFN-gR), IFN-g triggers intracellular signals through the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway to achieve transcriptional control of IFN-g-inducible genes (Schoenborn and Wilson, 2007) . Proper activation of IFN-g signaling orchestrates diverse cellular programs including promoting macrophage activation, mediating host defense against intracellular bacterial infection. Correspondingly, the dysregulation of IFN-g signaling has been linked to pathogenesis of various inflammatory and immunological disorders (Hu and Ivashkiv, 2009) . IFN-g also plays an immunoregulatory role in anti-tumor immunity and has been proposed to regulate responsiveness to immune checkpoint blockade (Benci et al., 2016) . Complex molecular mechanisms have evolved to control the immune response triggered by IFN-g to ensure protective immune responses and avoid unwanted immunopathology. These controls work at many different levels, from transcriptional and post-transcriptional regulation of IFN-g expression (Gomez et al., 2013) , to regulation of JAK/STAT signaling mediated by IFN-g engagement with functional IFN-gR on cell membrane . However, the mechanisms governing membrane presentation and functional assembly of IFN-gR remain elusive.
Functional IFN-gR is composed of two subunits: IFN-g receptor a (IFN-gR1) and IFN-g receptor b (IFN-gR2). IFN-gR1, constitutively expressed on all nucleated cells, is responsible for binding IFN-g, IFN-gR2 is induced after bacterial infection and then translocates to cell membrane where it forms functional IFN-gR (Bach et al., 1997; Blouin and Lamaze, 2013) . The intensity of cell membrane level of receptors is decided by a series of dynamic processes including delivery of de novo synthesis, endocytosis, recycling, and degradation. IFN-gR2 is differentially expressed among the immune cells, high in B and myeloid cells but low or absent in T cells (Bernabei et al., 2001) . Downregulation of IFN-gR2 in Th1 cell is a negative mechanism to limit the apoptotic effect of IFN-g (Bach et al., 1995) . High expression of IFN-gR2 on macrophages favors IFN-g-mediated apoptosis of mycobacteria-infected macrophages (Oddo et al., 1998) . Many studies investigated the mechanisms of IFN-gR2 internalization in T cells. Ligand-dependent or independent internalization of IFN-gR2 was founded in T cells (Pernis et al., 1995; Groux et al., 1997) . IGF-1 was previously shown to mediate IFN-gR2 internalization in T lymphocytes, but not in B cells or myeloid cells (Bernabei et al., 2003) . IFN-g does not affect IFN-gR2 expression on macrophages (Hu et al., 2002) . Glycosylation of Figure 1 . Sele À/À Mice Exhibit Increased Susceptibility to LM Infection and Reduced Macrophage Activation (A-H) Sele À/À and Sele +/+ mice were challenged with LM for indicated days and subjected to the following assays. (A) Survival of Sele À/À and Sele +/+ mice infected with LM (n = 10 per genotype) was monitored every day (Wilcoxon test). (B) Colony-forming units (CFUs) were assayed in spleens and livers (n = 5 per genotype). (C) Tnf-a and Il-6 mRNA in PMs were determined by qRT-PCR. (D) TNF-a and IL-6 in sera was determined by ELISA (n = 3 per group). (E) IFN-g in sera was determined by ELISA. (F and G) Phosphorylated (p) signaling molecules of IFN-g in PMs lysates were measured by immunoblot (IB) analysis (F) and quantification analysis (G). (H) iNOS in PMs lysates was examined by IB analysis. (I) Microarray analysis of Sele À/À and Sele +/+ PMs were analyzed. The left heatmap shown differentially expressed genes, the differentially expressed ISGs are shown on the right. IFN-gR2 is involved in IFN-g signaling via affecting dynamic receptor interactions with actin and lipid nanodomains (Blouin et al., 2016) $ Notably, abnormalities in IFN-gR1 and IFN-gR2 expression are closely associated with Mendelian susceptibility to mycobacterial disease (MSMD), a syndrome characterized by localized or disseminated infections caused by atypical mycobacteria (Sharma et al., 2015) . Given the critical roles of IFN-gR2 in immunity and disease, understanding the mechanisms controlling translocation of IFN-gR2 from cytosol to membrane in immune cells such as macrophages has important biological significance and clinical implications.
E-selectin (endothelial selectin) is inducible on vascular endothelial cells during inflammation, and it engages counter-ligands on leukocytes to induce leukocyte movement via signaling pathways, such as bruton tyrosine kinase (BTK), in many physiological and pathological processes (Mueller et al., 2010; Winkler et al., 2012) . In an attempt to clarify the role of E-selectin-dependent innate immune cell migration, we studied the innate activation of macrophages in E-selectin-deficient mice upon infection with Listeria monocytogenes (LM). Surprisingly we observed highly elevated levels of IFN-g in blood but significantly attenuated IFN-g signaling and impaired innate function of macrophages from E-selectin-deficient mice. This unexpected finding of higher IFN-g levels but impaired IFN-g signaling promoted us to investigate the underlying mechanism, and we found that E-selectin engagement is required for membrane translocation of IFN-gR2 from Golgi and assembly of functional IFN-gR on macrophages. E-selectin engagement provides the signal to activate the BTK kinase, which phosphorylates tyrosine 289 of IFN-gR2 in the cytoplasm. Subsequently, EFhd2 binds phosphorylated IFN-gR2Y289 to promote its membrane translocation, ultimately leading to functional IFN-gR formation and enabling IFN-g binding to functional IFN-gR and triggering efficient innate response of macrophages against intracellular bacterial infection. Our results establish a paradigm for the signaling elicited in macrophages by extrinsic E-selectin engagement that promotes formation of functional cytokine receptors. Furthermore, the crosstalk between immune cell migration from vessels and cytokine signaling in innate response adds new insight to the biology of cytokine signaling.
RESULTS
Deficiency of E-Selectin Attenuates Innate Defense against LM Infection but Increases Circulating IFN-g Levels
To clarify the role of E-selectin in innate activation during the host immune response to pathogenic infection, we first examined the susceptibility of mice lacking the Sele gene (encoding E-selectin) (Sele À/À ) and their littermates, Sele +/+ mice, to LM infection in vivo. Immunohistochemistry analysis showed inducible expression of E-selectin in the spleen of wild-type mice after LM infection ( Figure S1A ). The Sele À/À mice were more sensitive to LM infection in overall survival assays ( Figure 1A ). The decreased survival rate of Sele À/À mice after LM infection was consistent with the marked increased in LM abundance in the spleen and liver ( Figure 1B ) and the smaller size of the spleen ( Figure S1B ), which confirmed the increased susceptibility to LM infection in the absence of E-selectin.
Monocytes/macrophages are major contributors to innate defense against LM infection, we therefore analyzed whether alterations of macrophage function and/or activation were involved in the increased susceptibility of Sele À/À mice to LM infection. Both mRNA and protein levels of Tnf-a and Il-6 were significantly decreased in Sele À/À mice ( Figures 1C and 1D ), indicating decreased macrophage activation in Sele À/À mice upon LM infection.
IFN-g signaling is essential to macrophage activation for clearance of intracellular bacterium such as LM (Pamer, 2004) . Unexpectedly, we found there were significantly increased levels of IFN-g in the serum of Sele À/À mice ( Figure 1E ). However, phosphorylation of JAK1/2 and STAT1 ( Figures 1F and 1G ), as well as the expression of iNOS protein ( Figure 1H ) were decreased in peritoneal macrophages (PMs) from Sele À/À mice infected with LM. Moreover, microarray analysis showed a series of IFN-stimulated genes (ISGs) of IFN-g signaling, such as Cxcl19, Nos2, and Fcgr2b, were downregulated in macrophages from LMinfected Sele À/À mice ( Figure 1I ). qRT-PCR confirmed the decreased expression of several ISGs including Cxcl19, Ccl5, and Icam1 in PMs from Sele À/À mice ( Figure 1J ). To determine the cellular source of elevated IFN-g production in Sele À/À mice, we analyzed the expression of intracellular IFN-g in CD4 + T cells, CD8 + T cells, and natural killer (NK) cells from LM-infected mice. IFN-g production in these cells was comparable between Sele +/+ and Sele À/À mice infected with LM (Figures S1C-S1E).
Taken together, we showed that Sele À/À mice displayed increased susceptibility to LM infection, which is accompanied by impaired IFN-g signaling and decreased production of innate cytokines in macrophages, but unexpectedly exhibited higher IFN-g in the blood.
Deficiency of E-Selectin Decreases Surface Levels of IFN-gR2 on Macrophages E-selectin was previously shown to regulate hematopoietic stem cell dormancy and self-renewal (Winkler et al., 2012) . We found the percentages of immune cells including B cells, CD4 + T cells, CD8 + T cells, dendritic cells, and macrophages were intact in Sele À/À spleens, whereas the ratio of splenic NK cells was much lower in Sele À/À mice compared with Sele +/+ mice without LM infection ( Figure S2A ). Thus, deletion of E-selectin affected the development of NK cells, excluding the possibility that NK cells are the cellular source for the higher IFN-g in the blood of Sele À/À mice upon LM infection.
IFN-gR1 is constitutively expressed and binds to IFN-g, while IFN-gR2, which controls signaling, is induced upon stimulation (Stark and Darnell, 2012) . We hypothesized that in the absence of E-selectin, there is abnormal membrane expression of IFN-gR2 on immune cells, leading to impaired activation of macrophages in response to LM infection. Notably, flow cytometry analysis showed markedly decreased levels of membrane IFN-gR2 in both peritoneal and splenic macrophages (SMs) of Sele À/À mice compared with control after LM infection ( Figures  2A-2D ). Immunofluorescence analysis also confirmed the decreased IFN-gR2 on the membrane and increased IFN-gR2 in the cytoplasm of PMs in LM-infected Sele À/À mice ( Figures  2E and 2F ). The membrane IFN-gR2 were also decreased on NK cells and dendritic cells in LM-infected Sele À/À mice, but there was no difference on CD4 + T cells, CD8 + cells, or B cells ( Figure S2B ). Our fluorescence-activated cell sorting (FACS) analysis showed that E-selectin had no significant effect on IFN-gR1 membrane expression in PMs ( Figure S2C ).
To confirm the specificity of IFN-gR2 antibody used in this study, we generated Ifngr2 knockout RAW264.7 cells by CRISPR/Cas9, and our western blot showed that four bands including 40 kDa, 50 kDa, 65 kDa, and 70 kDa were deleted in the Ifngr2 knockout RAW264.7 cells, which suggests these bands are IFN-gR2 in different modifications ( Figure S2D ). We then confirmed the specificity of anti-IFN-gR2 antibody used in this study for FACS analysis by examination of IFN-gR2 membrane expression in Ifngr2 WT and KO RAW264.7 cells ( Figure S2E ). Two clones of Ifngr2 KO RAW264.7 cells showed completely inhibited phosphorylation of JAK/STAT molecules upon IFN-g stimulation (Figure S2F ), suggesting the phosphorylation of the molecules of JAK/STAT signaling is specifically triggered by IFN-g binding with IFN-gR.
Interestingly, we found that the mRNA level of Ifngr2 was increased in PMs of LM-infected Sele À/À mice ( Figure 2G ). Membrane proteins are subjected to various post-translational processing and modification, such as glycosylation, which are functionally important. We performed western blotting to identify (E) The number of macrophages migrated to the peritoneal cavity from Sele +/+ and Sele À/À mice on day 3 after thioglycolate broth injection (n = 5 per group). (F) Microarray analysis of CCR2 + and CCR2 À SMs from the mice infected with LM in vivo. Left heatmap: all the differential genes. Middle heatmap: genes involved in chemokine pathway upregulated in CCR2 + macrophages. Right heatmap: genes involved in cytokine-cytokine receptor interactions upregulated in CCR2 + macrophages.
(legend continued on next page) the molecular size of glycosylated IFN-gR2 in the lysis of BMDMs pretreated without or with N-glycosylation inhibitor tunicamycin. Our results showed one 70 kDa band was significantly decreased after treatment with tunicamycin ( Figure 2H ), which indicates that this band is N-glycosylated IFN-gR2. We further confirmed that non-modified IFN-gR2 was comparable between Sele À/À and Sele +/+ PMs, suggesting the synthesis of IFN-gR2 was not affected by E-selectin. Decreased levels of glycosylated IFN-gR2 were found in PMs of LM-infected Sele À/À mice relative to levels in wild-type mice ( Figure 2I ). We also found that the expression of modified IFNgR2 (70 kDa) in Sele À/À PMs treated with inhibitors NH 4 Cl or MG132 was not rescued compared with control ( Figures 2J and 2K ). In conclusion, E-selectin is required for the membrane location of IFN-gR2 in macrophages during LM infection.
Deficiency of E-Selectin Decreases Membrane Translocation of IFN-gR2 from Golgi on CCR2 + Inflammatory Macrophages
We next asked whether other membrane receptors on macrophages were similarly regulated by E-selectin. Membrane levels of subunit b of the IL-2 receptor (IL-2Rb) that is constitutively expressed and inducible receptor for IL-2 (Malek and Castro, 2010) , as well as TLR4 (Brubaker et al., 2015) , were significantly decreased on splenic and peritoneal macrophages in LM-infected Sele À/À mice ( Figures S3A-S3C ). These results suggest broad significance of E-selectin signaling in driving membrane expression of innate receptors.
Macrophages can be broadly categorized into two subsets according to their location at either inflammatory or resident lesions: CCR2 + macrophages are known as ''migratory'' or ''inflammatory'' macrophages, and CCR2 À macrophages are known as ''resident'' macrophages (Udalova et al., 2016) . CCR2 + macrophages displayed significantly higher membrane IFN-gR2 levels than CCR2 À macrophages. Moreover, CCR2 + macrophages in LM-infected Sele À/À mice displayed much less membrane IFN-gR2 than in LM-infected Sele +/+ mice (Figures 3A and 3B) . Similarly, after intraperitoneal (i.p.) infection of thioglycolate broth, Sele À/À mice had significantly decreased membrane IFN-gR2 on CD11b + /F4/80 + PMs (Figures 3C and 3D) and decreased number of recruited PMs ( Figure 3E ) relative to Sele +/+ mice. This suggests membrane expression of IFN-gR2 is differentially regulated in resident and inflammatory macrophages and impaired only in inflammatory macrophages in Sele À/À mice.
To clarify the characteristics of CCR2 À and CCR2 + macrophages, we sorted and analyzed the differential genes between CCR2 À and CCR2 + SMs upon LM infection by microarray. A series of genes involved in cell chemotaxis as well as a set of genes involved in cytokine-cytokine receptor interactions were significantly upregulated in CCR2 + macrophages compared with CCR2 À macrophages ( Figure 3F ). This indicates that CCR2 + inflammatory macrophages recruited from vessels into inflamed tissue play critical functions in defense of intracellular bacterial infection, which might be carried out by inducible membrane expression of IFN-gR2 on this subset of macrophages.
The number of receptors on the membrane is regulated by a series of dynamic processes including delivery of de novo synthesis, endocytosis, recycling, and degradation. We set out to identify which part of the processes was impaired in Sele À/À macrophages. We isolated membrane, cytosol, endosome, and Golgi of Sele +/+ and Sele À/À PMs and performed western blotting to examine the level of IFN-gR2 protein in these cell fractions. The protein in the cytosol was comparable between Sele À/À and Sele +/+ PMs. However, IFN-gR2 protein was significantly decreased in the cell membrane ( Figure 3G ) and endosome ( Figure S3D ) of Sele À/À PMs compared with control. On the contrary, IFN-gR2 level was significantly increased in Golgi isolated from Sele À/À PMs compared with control ( Figure 3H ). Immunofluorescence analysis further confirmed that endogenous IFN-gR2 accumulated in Golgi of PMs after deletion of Sele ( Figure 3I ). We also confirmed the IL2Rb protein was decreased in the isolated cell membrane ( Figure 3G ) and endosome ( Figure S3D ) but increased in Golgi of Sele À/À PMs ( Figure 3H ).
Rab family is involved in endocytosis (Rab5), recycling (Rab11), and degradation (Rab7) of receptors (Stenmark, 2009) . To further clarify whether or not E-selectin has effect on endocytosis, recycling, and degradation of IFN-gR2, we performed immunofluorescence to examine the colocalization between IFN-gR2 and Rab5, Rab11, or Rab7 in Sele À/À and Sele +/+ PMs from the mice after infection with LM 3 days. The decreased colocalization between IFN-gR2 and Rab5 was observed in Sele À/À PMs ( Figure S3E ), which indicated decreased IFN-gR2 on membrane was not caused by enhanced endocytosis. In addition, decreased colocalization between IFN-gR2 and Rab7 in Sele À/À PMs ( Figure S3G ) ruled out the possibility of increased degradation in lysosome leading to decreased IFN-gR2 on membrane. Our data of decreased colocalization between IFN-gR2 and Rab11 ( Figure S3F ) suggested that recycling of IFN-gR2 was also declined in Sele À/À PMs, and we speculated that decreased recycling in Sele À/À PMs might be caused by the decreased endocytosis. We then immediately labeled the freshly isolated primary PMs with biotin to confirm whether E-selectin affected endocytosis and recycling of IFN-gR2. We found that the ratio of endocytosis (internalized/surface) and recycling (internalized/recycled) of IFNgR2 was comparable between Sele À/À and Sele +/+ PMs ( Figures  S3H-S3J ), confirming that E-selectin didn't regulate membrane expression of IFNgR2 by affecting its endocytosis and recycling.
(G and H) IB analysis of IFN-gR2 or IL2Rb and quantifications of IFN-gR2 in the isolated membrane (G; All samples were run on the same gel) and Golgi (H) from Sele +/+ and Sele À/À PMs. (I) Staining of IFN-gR2 and giantin in Sele +/+ and Sele À/À PMs infected with LM for 3 days (scale bar, 10 mm). Na/K A: Na/K ATPase. P's C: Pearson's correlation coefficient. Data are shown mean ± SD of three independent experiments (B-D) or one representative of three independent experiments with similar results. **p < 0.01, ***p < 0.001 (Student's t test). See also Figure S3 .
In addition, our results (Figures 2I-2K) showed that synthesis and degradation processes were not involved in the regulation of membrane expression of IFN-gR2 by E-selectin. Therefore, we speculated that the increased level of IFN-gR2 protein in Golgi after deletion of Sele gene led to its impaired transport to membrane.
E-Selectin Engagement Promotes Membrane
Translocation of IFN-gR2 in Macrophages E-selectin is specifically expressed on the inflamed endothelial cells (Zarbock et al., 2008) . Is E-selectin expressed or inducible in macrophages in response to LM stimulation? Moreover, is the function of E-selectin in regulation of IFN-gR2 membrane (D) Sele +/+ or Sele À/À PMs were incubated in the dishes coated with recombinant E-selectin (4 mg/mL or 8 mg/mL) 8 hr, and FACS analysis and quantification of membrane IFN-gR2 + cells were performed (n = 3 per group). (E) Membrane IFN-gR2 + PMs from HSC transplanted mice infected without or with LM on day 3 were determined by FACS. Quantitative analysis of the percentage of membrane IFN-gR2 + macrophages is shown in the right panel. Data are shown mean ± SD, (n = 5 per group). Data are shown mean ± SD of three independent experiments (A-E) or one representative of three independent experiments with similar results. **p < 0.01, ***p < 0.001 (Student's t test). See also Figure S4 . expression on macrophages cell intrinsic or cell extrinsic? Mouse ENCODE transcriptome data show that Sele mRNA is only highly expressed in bladder and placenta of adult mouse, we then examined expression of Sele mRNA in the BMDMs and PMs of Sele +/+ mice controlled with bladder tissue. Our results showed that Sele mRNA was undetectable and was not inducible in BMDMs or PMs in response to LM stimulation (Figure 4A) . Our FACS analysis showed that there was comparable membrane expression of IFN-gR2 between sorted Sele +/+ and Sele À/À macrophages from bone marrow stimulated with LM ( Figure 4B ). These results indicated that E-selectin regulated the macrophage membrane expression of IFN-gR2 in manner of cell extrinsic.
We also analyzed the contribution of purified recombinant E-selectin to the membrane localization of IFN-gR2. We detected the adhesion activity of recombinant E-selectin by attachment of Jurkat and U-937 cells with the coated protein on the dish ( Figure 4C ). Our FACS analysis showed that recombinant E-selectin could rescue the membrane expression of IFN-gR2 on Sele À/À macrophages dose dependently ( Figure 4D ), further confirming the E-selectin functions in regulating IFN-gR2 membrane expression on macrophages.
To exclude the possibility of contamination of bone marrow endothelial cells, we sorted bone marrow hematopoietic stem cells (HSCs) and performed HSC transplantation to determine whether E-selectin on endothelial cells was responsible for driving IFN-gR2 membrane translocation in vivo. We transplanted CD45.1 + Sele +/+ HSCs sorted from bone marrow of CD45.1 + C57BL/6 mice to Sele +/+ or Sele À/À mice. In response to LM infection, the Sele À/À recipients receiving Sele +/+ HSCs had significantly decreased membrane expression of IFN-gR2 on PMs as compared with Sele +/+ recipients receiving Sele +/+ HSC. This demonstrates that host E-selectin on endothelial cells is responsible for promoting IFN-gR2 membrane translocation in vivo ( Figure 4E ).
Several ligands for E-selectin on leukocytes have been identified, such as P-selectin glycoprotein ligand-1 (PSGL-1) (Xia et al., 2002) and (macrophage antigen-1) Mac-1 (Crutchfield et al., 2000) . We examined the membrane levels of IFN-gR2 on PMs from PSGL-1 À/À or Mac-1 À/À mice infected with LM. However, deletion of either Psgl-1 -/or Mac-1 -/had no effect on IFN-gR2 membrane levels ( Figures S4A and S4B) . Future work is needed to identify the precise ligands on macrophages responsible for E-selectin engagement in this process.
E-Selectin Engagement-Activated BTK Contributes to Membrane Translocation of IFN-gR2
Phosphokinase spleen tyrosine kinase (SYK) and bruton tyrosine kinase (BTK) are important in the signaling pathways triggered by engagement of E-selectin on endothelial cells with its ligands on leukocytes (Zarbock et al., 2008; Mueller et al., 2010) . We therefore examined the status of specific signaling molecules including SYK, BTK, and the nuclear factor kB (NF-kB) and mitogen-activated protein kinase (MAPK) pathways in PMs from LM-infected Sele À/À or Sele +/+ mice. The phosphorylation of both SYK and BTK was significantly reduced in macrophages from Sele À/À mice, with no obvious changes in other phosphorylated proteins ( Figure 5A ). To further analyze whether SYK and BTK participated in IFN-gR2 translocation, we pretreated the macrophage cells RAW264.7 and BMDMs with a specific inhibitor for SYK, BAY61-3606, and found reduced levels of membrane IFN-gR2 on LM-stimulated RAW264.7 cells ( Figure 5B ) and BMDMs ( Figure 5C ). The specific inhibitor for NF-kB, PDTC, also inhibited IFN-gR2 translocation in BMDMs, while PP2, the inhibitor for Src, had no such effect ( Figure 5C ). Therefore, SYK may be involved in driving cytoplasmic IFN-gR2 to the membrane in macrophages. BTK is the downstream molecule of SYK in E-selectin signaling. Accordingly, the specific BTK inhibitor LFM-A13 significantly reduced membrane expression of IFN-gR2 (Figure 5D ). We further confirmed the decreased activation of JAK/ STAT signaling in the BMDMs of C57BL/6 mice pretreated with the inhibitors or silenced expression of the genes Syk, Btk, and P65 in response to IFN-g stimulation ( Figures S5A-S5F) . The results indicated that these molecules were involved in regulation of IFN-gR2 membrane expression on macrophages.
Similar to Sele À/À mice, Btk À/À mice, upon LM infection, also showed significantly decreased membrane expression of IFN-gR2 on macrophages ( Figures 5E and 5F ) as well as elevated levels of serum IFN-g as compared to their littermate Btk +/+ mice ( Figure 5G ). While exogenous expression of BTK rescued the membrane expression of IFN-gR2 in macrophages from Sele À/À mice ( Figure 5H ). The activation of JAK/STAT pathway (legend continued on next page) was significantly reduced in Btk À/À BMDMs stimulated by IFN-g ( Figure 5I ). We further observed decreased phosphorylation of JAK1, JAK2, and STAT1 in PMs of Btk À/À mice infected with LM in vivo ( Figure 5J) . These data confirm the critical role of E-selectin/BTK signaling in driving cytoplasmic IFN-gR2 translocation to the membrane. We also confirmed the substantially decreased surface levels of IL2Rb on Btk À/À PMs or SMs in response to LM infection ( Figures S5G and S5H ). In addition, membrane expression of IL2Rb on RAW 264.7 cells was substantially increased after transfection of BTK compared with control ( Figure S5I ).
BTK Promotes IFN-gR2 Membrane Translocation via Phosphorylation of IFN-gR2 Tyrosine 289
BTK is a tyrosine kinase, suggesting it may drive IFN-gR2 translocation by phosphorylating IFN-gR2 tyrosine residues. There are eleven tyrosine residues within the IFN-gR2 sequence, three of them, Y268, Y274, and Y289, are located in the intracellular sequence ( Figure 6A ). These tyrosines are highly conserved between mice and human. We generated three IFN-gR2 mutants, each with one of these three tyrosine residues replaced with alanine (A). IFN-gR2 mutants Y274A and Y268A were located predominantly on the membrane, similar to the wild-type IFN-gR2, while the IFN-gR2 mutant Y289A was accumulated in the cytoplasm (Figures 6B and 6C ). IFN-gR2 Y289A co-localized with the Golgi markers Giantin and GM130, indicating its accumulation in the Golgi ( Figure 6D ). We further performed immuno-electron microscopy (IEM) to observe the subcellular location of wild-type IFN-gR2 and IFN-gR2 Y289A in HEK293T. The results showed that cells transfected with mutant plasmid IFN-gR2Y289A had more colloidal gold in Golgi than cells transfected with wild-type plasmid ( Figures 6E and 6F) .
We also found that tagged IFN-gR2 and BTK co-localized at the cell membrane in HEK293T cells ( Figure S6A ), and we further confirmed the direct interaction between IFN-gR2 and BTK in HEK293T by proximity ligation assay (PLA) ( Figure 6G ). The interaction between endogenous IFN-gR2 and BTK in PMs infected with or without LM was identified by immunoprecipitation with anti-BTK antibody ( Figure 6H ). We next analyzed whether the activated BTK kinase might phosphorylate Y289 of IFN-gR2 to mediate its membrane translocation. A polyclonal antibody to phosphorylated IFN-gR2 at Y289 was prepared and its specificity was confirmed ( Figures S6B and S6C) . The phosphorylated IFN-gR2 Y289 (70 kDa) in the cytoplasm increased over time in PMs upon LM infection of Sele +/+ mice, while this phosphorylation level was lower in PMs from LM-infected Sele À/À mice ( Figure 6I) . Moreover, a cell-free kinase assay revealed that tyrosine 289 of IFN-gR2 was directly phosphorylated by constitutively active BTK ( Figure 6J ). Therefore, BTK may promote IFN-gR2 translocation from the cytoplasm to the membrane by direct phosphorylation of IFN-gR2 Y289.
EFhd2 Binds to Phosphorylated IFN-gR2 to Drive Its Membrane Translocation
We next investigated whether other molecules are involved in driving the BTK-phosphorylated IFN-gR2 translocation to the membrane. EFhd2 was identified from the proteins immunoprecipitated with an IFN-gR2 antibody by mass spectrometry (Figure S7A ). EFhd2 has two EF-hand motifs that can bind calcium (Ca 2+ ) and mediates immune cell activation (Dü tting et al., 2011) . Ca 2+ is known to be important for E-selectin-mediated physiological or pathophysiological activities (Chase et al., 2012) . We therefore tested if the Ca 2+ -binding protein EFhd2 interacts with IFN-gR2 to regulate its membrane translocation. First, we found that the Ca 2+ concentration in the cytoplasm of PMs from Sele À/À mice was much lower than that in Sele +/+ PMs (Figure S7B) , which is consistent with reports about Ca 2+ flux in polymorphonuclear neutrophils elicited by E-selectin signaling (Chase et al., 2012) . In the presence of the extracellular Ca 2+ chelator EGTA or the intracellular Ca 2+ chelator BAPTA-AM, IFN-gR2 membrane levels were significantly reduced in macrophages upon LM infection ( Figure S7C ), indicating that E-selectin engagement-induced Ca 2+ signal is also required to promote IFN-gR2 membrane translocation in macrophages.
EFhd2 was quickly induced in PMs in response to LM infection ( Figure S7D) . The membrane IFN-gR2 of Efhd2-silenced BMDMs was significantly reduced upon LM infection (Figures 7A and  S7E) . We also found an interaction between exogenous IFN-gR2 and EFhd2 as well as IFN-gR2 Y289A and EFhd2. Moreover, constitutively activated BTK promoted the interaction between exogenous wild-type IFN-gR2 and EFhd2, but not the interaction between IFN-gR2 Y289A and EFhd2. In addition, we confirmed the interaction between exogenous wild-type BTK and EFhd2 ( Figure 7B ). Furthermore, the co-localization of IFN-gR2 and EFhd2 in HEK293T cells after co-transfection was confirmed by immunofluorescence ( Figure S7F ), and we identified direct interaction between IFN-gR2 and EFhd2 in this transfected HEK293T cells by PLA ( Figure 7C ). Co-immunoprecipitation (coIP) experiments also confirmed that endogenous EFhd2 interacted with IFN-gR2 in PMs ( Figure 7D ). The endogenous Efhd2 could form a complex with BTK, IFN-gR2, or p-IFN-gR2 in lysates of PMs ( Figure 7E ).
We next generated Efhd2 knockout (Efhd2 À/À ) mice ( Figures  S7G and S7H) to determine the role of EFhd2 in driving IFN-gR2 membrane translocation and innate defense in vivo. Consistent with the phenotype of Sele À/À mice, Efhd2 À/À mice showed significantly decreased expression of IFN-gR2 on the membrane of PMs and impaired LM clearance as compared to their littermate Efhd2 +/+ mice ( Figure 7F ). There were also significantly increased levels of IFN-g in the serum of Efhd2 À/À mice upon LM infection ( Figure 7G ) and a marked increase in the LM abundance in the spleen and liver of Efhd2 À/À mice ( Figure 7H ). The decreased phosphorylation of IFN-g/JAK-STAT signaling molecules was confirmed in PMs of Efhd2 À/À mice infected with LM (J) Cell-free kinase assay of IFN-gR2 phosphorylation at Y289 by constitutively active BTK with or without BTK inhibitor LFM-A13 (100 mM). WCL, whole-cell lysate; DIC, differential interference contrast microscopy. Data are shown mean ± SD of three independent experiments (C, F, G, and I) or one representative of three independent experiments with similar results. *p < 0.05, **p < 0.01 (Student's t test). See also Figure S6 . (legend continued on next page) in vivo ( Figure 7I ). Furthermore, mRNA levels of TNF-a and IL-6 were much lower in PMs of LM-infected Efhd2 À/À mice than that in the Efhd2 +/+ mice ( Figure 7J ). Decreased IL-6 protein was observed in sera of Efhd2 À/À mice infected with LM in vivo ( Figure 7K) .
Taken together, we show that EFhd2 interaction with BTKphosphorylated IFN-gR2 drives membrane translocation of IFN-gR2, leading to the functional IFN-gR formation, which mediates IFN-g innate response during LM infection.
DISCUSSION
IFN-gR2 is the subunit-mediated signaling transduction of IFN-g, and its spatiotemporal distribution and dynamics at cell surface are strictly regulated in immune cells. Multiple mutations have been identified in the human IFN-gR2 gene in patients with MSMD, which lead to complete or partial IFN-gR2 deficiency (Kong et al., 2013) . The frequent mutations of IFN-gR2 in MSMD patients further highlight the value of understanding how IFN-gR2 trafficking and maturation are tightly regulated. A series of studies in T cells has confirmed internalization resulted in low or absence of membrane IFN-gR2 (Bernabei et al., 2001) , although these T cells display high cytoplasmic IFN-gR2 levels (Rigamonti et al., 2000) . These studies suggested that intracellular trafficking determined the location of this subunit in T cells. Many factors may affect the receptor expression on cell membrane such as dynamic neo-synthesis, endocytosis, recycling, and degradation. We did not find reduced synthesis of IFN-gR2 in PMs of Sele À/À mice. In addition, our data showed that the degradation process was not involved in the regulation of membrane IFN-gR2 by E-selectin. We further confirmed that the ratio of endocytosis and recycling of IFN-gR2 were not affected after Sele deletion. Our data showed that endothelial E-selectin engagement promotes IFN-gR2 translocation from Golgi to the plasma membrane in macrophages, promoting membrane accumulation of IFN-gR2. In addition to colocalization with Golgi, we also found staining of IFN-gR2 in a few other compartments of the cytoplasm in Sele À/À macrophages. As synthesis, processing, and translocation of IFN-gR2 are dynamic processes, IFN-gR2 localization or accumulation to some extent in additional compartments such as ER is possible after the deletion of Sele, and future investigation will shed more light on this observation.
Importantly, we confirmed the function of E-selectin in regulating IFN-gR2 membrane localization is cell extrinsic. Therefore the processes of macrophages migration from vessels to inflammatory tissues connect the activation of the innate immune cells. E-selectin engages counter-ligands on leukocytes such as PSGL-1, CD44 (Hidalgo et al., 2007) , Mac-1 (Crutchfield et al., 2000) , CD43 (Matsumoto et al., 2008) , and other unknown ligands. We found that E-selectin signal in driving IFN-gR2 membrane translocation was independent of PSGL-1 and Mac-1. There are likely still other unknown ligands on macrophages that are involved in this process (Chase et al., 2012; Hidalgo et al., 2007) , which we will continue to investigate in the future.
E-selectin engagement promotes the assembly of functional IFN-gR2 by driving membrane translocation of IFN-gR2 via BTK kinase. BTK is a member of the Tec family and is involved in many signaling pathways via E-selectin (Mueller et al., 2010) , B cell receptor (BCR) (Kim et al., 2017) , TLR , or chemokine receptors CXCR4 (de Gorter et al., 2007) . BTKdeficient mice have a leukocyte recruitment defect in complex disease models (Mangla et al., 2004) . Our study expands the knowledge about the multifaceted role of BTK in immunity and inflammation. A multitude of studies have shown that post-translational modifications (PTM) including phosphorylation, glycosylation, and sumoylation regulate the activation of receptor signaling pathway, recycling, and trafficking (Stone et al., 2017) . We found that phosphorylation of IFN-gR2 at Y289 by BTK was critical for membrane accumulation of IFN-gR2 on macrophages. Given the extensive crosstalk between different PTMs, it will be interesting to determine for instance whether phosphorylation of IFN-gR2 Y289 has an effect on the glycosylation of IFN-gR2.
Regulation of the trafficking of membrane receptors has emerged as a key mechanism in controlling signaling output triggered by various inflammatory cytokines and chemokines, leading to a diversity of effects on immune responses. For example, IL-36 ligation induces IL-36R accumulation in lysosomes via a clathrin-mediated pathway, while the ubiquitin-binding Tollip protein increases the accumulation of both subunits of IL-36R to amplify IL-36R signaling (Saha et al., 2015) . Transforming growth factor b (TGF-b) receptor type I (TbRI) interacts with SH3 domains of the adaptor protein CIN85, which functions to increase the amount of TbRI at the cell surface and thereby positively regulates TGF-b-stimulated signaling and cell migration (Yakymovych et al., 2015) . The translocation of cytokine receptors is associated with pathogenesis and even serves as a potential biomarker and/or therapeutic target for immune diseases, as exemplified by the increased membrane translocation of IL-33R (C) Representative images (left) and quantification (right) of in situ PLA demonstrating the interaction between IFN-gR2 and EFhd2 in HEK293T transfected with IFN-gR2 and EFhd2 plasmids. Scale bar, 10 mm. in ventilator-induced lung injury (Yang et al., 2015) . Here, we report an E-selectin-dependent signaling in driving IFN-gR2 translocation from Golgi to membrane. Moreover, other receptors on macrophage membrane, such as IL2R2 and TLR4, are also dependent on E-selectin signaling in response to LM stimulation. Our findings suggest a broad and critical role for E-selectin signaling and non-immune and immune cell crosstalk in controlling the biological functions of immune cell receptors. It will be intriguing to study whether E-selectin signaling utilizes similar mechanisms as with IFN-gR2 regulation to affect IL-2R2 and TLR4 expression. Our findings also further reveal how host stromal cell and innate immune cell interactions signal to regulate cytokine receptors.
We identified EFhd2, a Ca 2+ -binding protein that interacts with IFN-gR2 and promotes membrane translocation of IFN-gR2 in activated macrophages. It was previously shown that EFhd2 controls B cell signaling by assembly of the B cell receptor, SYK and PLCg2 in membrane rafts to promote tyrosine phosphorylation of SYK and PLCg2 (Kroczek et al., 2010) . We now show that EFhd2 interacts with IFN-gR2 to promote its membrane translocation in a Ca 2+ -dependent manner in response to LM infection. Further investigations are warranted to uncover the detailed mechanisms for EFhd2 regulation of cytokine receptor assembly and cytokine signaling in immunity and inflammation.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: generating the Efhd2 f/f allele was obtained and transfected in ES cells by electroporation. ES cells obtained by positive-negative selection with G418 and Ganciclovoir were identified by PCR. The selected ES cells were injected into C57BL/6 blastocysts, and then the embryo was transferred into the pseudo pregnant uterus of C57BL/6 to obtain a chimeric mouse. PCR was performed to identify a heterozygous mouse from the offspring arising from breeding the chimeric mouse with C57BL/6 using the same primers as were used for ES identification. The heterozygous mouse Efhd2 f/neo/+ was crossed with B6; SJL-Tg (ACTFLPe) 9205Dym/J (JAX: 003800) was used to delete the PGK-neo box to obtain the Efhd2 f/+ mouse. We further bred the Efhd2 f/+ mouse with 129S/Sv-Tg (Prm-cre)58Og/J (JAX:003328), which has a cre target transgene only in the male germline, to get a Efhd2 +/À mouse, and this mouse was then backcrossed with C57BL/6 for 8 generations to get Efhd2 À/À mouse, which background is transferred into C57BL/6. We used 6-week old littermate mice (matched for body weight and sex) in our experiments. All animal experiments were approved by the Animals Care and Use Committees of the Institute of Laboratory Animal Sciences of Chinese Academy of Medical Sciences (ILAS-GC-2015-002).
Culture and Maintenance of Cell
Thioglycolate-elicited mouse PMs were prepared and cultured in endotoxin-free RPMI-1640 medium with 10% (vol/vol) FCS (Invitrogen) as described previously . BM-derived macrophages from C57BL/6 mouse were generated by culturing of BM cells with M-CSF (50ng/ml) for 5 days (Peprotech) as described previously . The HEK293T, RAW264.7, Jurkat and U-937 cell lines were from American Type Culture Collection. The cells were cultured in endotoxin-free DMEM (GIBICO) supplemented with 10% FCS.
METHOD DETAILS
Bacterial Culture, Infection, and Quantification LM in mid-logarithmic growth were collected, counted on agar plates, and then re-suspended in PBS. Mice were i.p. injected with 1 3 10 8 or 1 3 10 7 LM. At indicated times following infection, mouse survival was monitored after infection with 1 3 10 8 LM, and spleens and livers were harvested from mouse infected with 1 3 10 7 LM and then dissociated in PBS containing 0.05% Triton X-100 for measurement of colony-forming units as described previously . Bone marrow-derived macrophages in 6-well plates were stimulated with inactivated 1 3 10 8 LM per well for 12 hours.
RNA Quantification
Quantitative PCR analysis was performed by LightCycler (Roche) using a SYBR RT-PCR kit (Takara) as described previously . Data were normalized to b-actin expression.
ELISA
The concentrations of IL-6, TNF-a, and IFN-g in the sera were measured by ELISA kits (R&D Systems).
Microarray Analysis
Total RNA was isolated using an RNA isolation Kit (Ambion, Austin, TX, USA). Affymetrix Mouse Genome 430 2.0 Arrays were used to analyze genome-wide expression. Detailed procedures were as described previously .
Flow Cytometry and Intracellular Cytokine Staining
Cells were resuspended at 1 3 10 6 /ml in 5% rat serum containing PBS, and surface staining was performed as described previously . For intracelluar cytokine staining, splenocytes or PMs from mice infected with LM for 3 days in vivo were stained with the Cytofix/Cytoperm kit (ebioscience) following the manufacturer's instructions. Cells were analyzed by flow cytometer (BD LSRII or BD FACSVerse).
Immunofluorescence
PMs from mice infected with LM for 3 days were plated and fixed on the glass coverslips in 24-well plates, then the primary antibodies (Giantin, IFN-gR2, Rab7, Rab5, Rab11) were incubated with the cells without permeabilization at room temperature for 90 min as described (Lammers et al. [2008] and the protocol of PD-1 on website https://www.abcam.cn/pd1-antibody-epr20665-ab214421. html). The cells were washed with PBS two times, add second antibody directly to the center of the coverslip, incubated for 30 minutes at room temperature. After screening for antibodies to stain cytoplasmic proteins using the protocol without permeabilization, we used antibodies against rab5, rab7 and rab11 from CST and giantin from Abcam to do the experiments.
HEK293T cells transfected with constructs were plated on the glass coverslips in 24-well plates, and the cells were labeled with antibodies against Flag-tag, Myc-tag, HA-tag after fixation and permeabilization. The cells were washed with PBS two times, second antibody was added directly to the center of the coverslip, incubated for 30 minutes at room temperature. Cells were subjected to microscopy analysis with the Olympus FV100 or Zeiss LSM780 confocal laser microscope. We analyzed Pearson's index based on the Golgi area VS IFN-gR2 (red to green in primary microphages, green to red in HEK293T) when we clarify colocalization between Golgi and IFN-gR2.
QUANTIFICATION AND STATISTICAL ANALYSIS
Results were presented as mean and SD. The statistical significance of comparisons between two groups was determined with Student's t test. p < 0.05 was taken to indicate statistical significance. The statistical significance of survival curves was estimated according to the method of Kaplan and Meier, and the curves were compared with the generalized Wilcoxon's test.
DATA AND SOFTWARE AVILABILITY
The accession numbers for the cDNA microarray data reported in this paper are GEO: GSE90808 and GSE97790. 
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